Recently, techniques known as 'micro-origami' or 'strain architecture' have emerged for the fabrication of out-of-plane micro-and nanostructures by relaxation of a pair of strain-mismatched thin films. Applications of such structures include optical reflectors, actuators and micropositioners. We illustrate how control of the folding order can generate complex three-dimensional objects from metal-oxide bilayers using this approach. By relying on the fact that narrower structures are released from the substrate first, it is possible to create multi-axis loops and interlinked objects with several sequential release steps, using a single photomask. The structures remain planar until released by XeF 2 dry silicon etching, making it possible to integrate them with other MEMS and microelectronic devices early in the process.
Introduction
Layered sheets of materials with mismatched strain will roll up with a well-defined radius of curvature, a principle which has long been used in macroscopic systems such as bimetallic thermometer coils. Recently, however, researchers have applied this strained-bimorph principle to thin film bilayers at much smaller scales, using epitaxially grown semiconductor films to produce coiled cantilevers and tubes with internal radii down to 2 nm [1] [2] [3] [4] [5] . Metal/semiconductor systems have been used to produce nanoscrolls with radii less than 500 nm [6] . These research efforts demonstrate an elegant method, known as 'micro-origami' or 'strain architecture,' to fabricate out-of-plane micro-and nanostructures that would not be possible with conventional planar lithography. Although strain architecture can be considered a self-assembly method, it differs from the stochastic nature of most self-assembly processes in that structures are produced in registration with each other and may be aligned with other layers on the substrate during lithography.
Out-of-plane micro-and nanostructures are desired especially in applications where microelectromechanical systems (MEMS) must interface with the external environment. For example, micro-origami has produced mirrors [5, 7] , stages [8] , shutters [9] and corner-cube reflectors [10] to handle optical signals, out-of-plane directed cantilevers to act as field emitters [11] and nanopipelines to handle fluids [4] . A significant fraction of micro-origami research concerns actuators, including thermal actuators [12] [13] [14] [15] , electrostatic actuators [9, 16] and chemical actuators [12] . While these actuators' typical purpose is to manipulate cells and other small objects, a very practical application is one-time-use integrated levers [17] to assemble complex MEMS systems without human intervention.
In this paper, we investigate the effect of folding order on the final shape of these three-dimensional micro-objects. We create strain mismatch by patterning a metal-on-SiO 2 layer on a silicon substrate. Thermally grown SiO 2 generally has compressive stress, while the metal films used in this work have tensile stress. The silicon is isotropically etched to undercut and release the metal-oxide bimorphs. The width of features in a single photomask determines the folding sequence, because the silicon etch process will undercut the narrowest lines first, enabling those structures to curl up from the substrate before other features are released. We demonstrate that folding sequence has a large and sometimes irreversible effect on the ultimate shape of the micro-objects.
Theory
Strain-mismatched bimorphs attain a radius of curvature that minimizes the potential energy of the entire structure. Like a spring with stored elastic energy, a thin film that is compressively stressed while constrained to the substrate will expand when released. A single released layer will bend only at the release point, and expand volumetrically elsewhere, resulting in a foldedover flap [4] . However, if the layer is coated with another film having less compressive stress or tensile stress, the upper film will constrain the expansion at the top of the lower film, causing the released bilayer to curl uniformly upward from the substrate. This situation is illustrated in figure 1 .
Beam equations developed for much larger structures can account for most of the features seen in microscale strainarchitecture devices, although the approximations become less accurate as the curvature radius becomes small relative to beam thickness [16] .
For a released beam of uniform width, with no applied moments, the reciprocal of the radius of curvature is given by equation (1) [5] , [18] .
In the above equation, ρ is the radius of curvature, d is the combined thickness of the two layers (
, ε is the strain mismatch or fractional difference in the unconstrained relaxed lengths of the two layers (l 2 − l 1 )/ l o , n is the ratio of the elastic modulus of the layers (E 1 /E 2 ) and m is the ratio of their thicknesses, (d 1 /d 2 ). Subscripts 1 and 2 refer to the upper and lower layers, respectively. Bi-directional curvature, important even when the cantilever is narrow, can be accounted for by replacing the elastic modulus with the biaxial modulus E = E/(1 − ν), where ν is Poisson's ratio and E is the elastic modulus [19] . For many choices of materials, the biaxial moduli are similar (n = 0.5-2), making this parameter's effect on the radius of curvature small compared to the effects of strain mismatch and film thickness. Considerable insight can be gained by assuming that both layers have the same biaxial moduli (n = 1). Equation (1) then becomes
Notably, the inverse radius is directly proportional to the strain mismatch ε, which depends upon the choice of materials and deposition conditions. Because the minimum radius determines the lower size limit of objects that can be fabricated by this method, it is useful to extract further design rules by minimizing the reciprocal of equations (1) and (2) . For two layers with equal biaxial modulus (n = 1) and a fixed total thickness d, the minimum radius occurs when the top and bottom layers have equal thicknesses
However, from a practical standpoint, oxidized wafers are typically purchased in a large batch, or oxide is grown on several wafers in one run, so the bottom layer often has a fixed lower layer thickness d 2 , while the upper metal layer thickness d 1 is varied in subsequent processing. In this case, when both materials have equal modulus, the radius is minimized when the top layer's thickness is half that of the lower layer. Adding more material to the top layer only increases the total thickness d in the denominator, producing a larger radius of curvature.
In general, to minimize the radius if the biaxial moduli are unequal, the layer with the larger modulus must be thinner than the limits set by the above design rules. Figure 2 illustrates the fabrication steps used to produce metaloxide bimorphs on silicon wafers. To create a compressively [28] stressed lower layer impervious to silicon etching, thermal oxide (SiO 2 ) was grown on silicon wafers ( figure 2(a) ). Thermally grown oxide on silicon has a very high compressive stress due to the differential thermal expansion of the coating and substrate as the wafers cool. Photoresist was patterned on the oxide for liftoff, and topped with sputtered chromium, nickel, titanium or other metal layer. Removal of the photoresist in acetone created a metal pattern (figure 2(b)) which protected the underlying oxide, while the exposed oxide was removed using a plasma etch (figure 2(c)). The resulting patterned bimorphs were then released from the silicon substrate by xenon difluoride (XeF 2 ) vapor etching ( figure 2(d) ), curling out of the wafer plane to relieve the compressive stress in the oxide. Typical values of the elastic modulus for oxide is 75 GPa and for chromium it is 140 GPa (table 1). The XeF 2 etch process is highly selective to silicon, enabling a wide range of metals and other materials to be used in the process.
Fabrication
Details of the fabrication steps are as follows.
Wet thermal oxide deposition
Batches of 4 inch, p-doped, 5-20 ohm cm (1 0 0) silicon wafers were coated with ∼400 nm of thermal oxide by 1 h treatment in a tube furnace at 1000
• C, with 440 sccm O 2 gas flowing into the furnace through a bubbler filled with 95
• C deionized water.
Metal patterning by liftoff
The oxidized wafers were treated with hexamethyldisilazane (HMDS) adhesion promoter, followed by coating with Shipley 1827 photoresist (Rohm and Haas Electronic Materials) at 4000 RPM for 10 s. After a 90 s hotplate solvent-removal bake at 115
• C, the photosensitized wafers were exposed to UV light through a photomask on a Karl Suss contact aligner. The photoresist was cleared from exposed areas by a 2 min development step in MF319 developer (Rohm and Haas) followed by rinsing in deionized water and drying under nitrogen gas. Wafers with patterned resist were then sputter coated with chromium-nickel-chromium (Cr-Ni-Cr), or alternatively, Ti-TiNi layers in a Technics sputtering system as follows.
Cr-Ni-Cr. For the chromium adhesion layer, sputter conditions were 120 W dc power, 30 mTorr argon chamber
Ti-TiNi.
For the titanium adhesion layer, sputter conditions were the same as Cr above. For the TiNi, conditions were the same as Ni above, except an equiatomic TiNi target was used. 3 min nickel deposition followed by 10 min TiNi deposition resulted in a total layer thickness of 270 nm.
Following sputtering, the excess metal was removed from the unexposed resist by liftoff in acetone overnight, or within 2 h using ultrasonic agitation in acetone.
Oxide etching
The patterned metal was used as a self-mask to transfer the design into the underlying oxide. Wafers were processed in a March plasma etcher, with 240 mTorr pressure of CF 4 :H 2 at a partial pressure ratio of 60:40 and a RF power of 260 W. After 10 min of etching, the 400 nm oxide was completely removed from any areas unprotected by metal.
Release by isotropic silicon etch
Bimorphs were released from the wafer by undercutting in a XeF 2 dry silicon etcher (Xactix). This isotropic etch process completely removed silicon from the underside of the oxide layer, and left a silicon cusp on the substrate at the centerline of the released structure. For 5 µm lines, the etch process required 20 or more 30 s cycles of exposure to an atmosphere of 3 Torr XeF 2 for complete release. The etch rate depends on the area of exposed silicon and will vary from pattern to pattern. However, wider lines always require more etch cycles for complete release, providing a mechanism to control the folding sequence of micro-objects based on XeF 2 etch time.
Discussion of material properties and predicted curvature
The properties of materials used in this paper are listed in table 1 together with calculated curvature radii from equation (1) for both Cr-Ni-Cr devices and Ti-TiNi devices. Note that these calculations do not account for the Cr or Ti adhesion layers, instead using the Ni or TiNi biaxial elastic modulus for the entire metal film.
Strain mismatch and film thickness are far more important than elastic modulus in determining the curvature [18] . Because residual film stress is highly dependent upon processing conditions, we measured the biaxial stress σ of our oxide and metal films by profilometry of a substrate before and after film deposition. The strain mismatch required in equation (1) was then computed as
Values for the elastic modulus and Poisson's ratio were obtained from the literature as noted, using values reported for thin films instead of bulk materials wherever possible.
Where two values appear, these were averaged for use in the calculation.
Results

Simple structures with two characteristic release times
The simplest structures described in this report have two characteristic line widths: one narrow width for released structures and one relatively large width to anchor the structures to the surface. Making the anchor width much greater than that of the released structures means that exact etch timing is not critical for achieving reproducible results. In scanning electron micrograph (SEM) images, we observed that features roll up along their longest dimension, as shown for the radial design in figure 3 (a) (photomask layout) and figure 3(b) (SEM image) of the resulting toroid. In all SEM images, a ridge of silicon appears on the substrate at the centerline of the original two-dimensional pattern. When the lines are angled off-axis from the center of the circle, the slats of the toroid become tilted with respect to the surface (refer to The observed 64 µm curvature radius in figure 3 (a) is very close to the calculated radius of 64 ± 7 µm. While neighboring structures were nearly identical to each other, the observed radius varied from 60 to 100 µm across the 4 inch wafer, due to local thickness or stress variations in the sputtered metal film. Because the metal layer has a thermal expansion coefficient approximately 20 times that of the oxide, these metal/oxide pop-up structures can be reversibly opened by heating; for a detailed exploration of similar structures in metal/diamond, see [13, 14] .
Structures with randomly determined release times
The seemingly unpredictable folding of a 'zigzag' structure points to the importance of the release sequence in determining the final three-dimensional shape. Figure 4 (inset) shows the layout of a repeating, symmetric zigzag with anchors on each side. Due to random imperfections in the photolithography process, either the left or right bend in the zigzag is released from the surface first, as shown in the partially released structures in figure 4 . After initial release, the rest of the zigzag is undercut, and the fully released structure takes on a left-or right-oriented conformation that produces a local minimum for the stored elastic energy. Continued silicon etching after this point, until only a 10 µm diameter attachment point remains at the center of the square anchor pads, does not change the left or right orientation of the structures. Although the initial pattern is symmetric, the two possible release sequences produce a set of mirror-image final structures.
Structures with engineered incremental release times
To study the interaction of structures having several incremental release steps, we created a series of nested 'V' structures with 1 µm differences in their linewidths. One type of structure had the widest line on the outside, and was expected to produce independent structures. The other type had the widest line on the inside, and was expected to tangle as the narrowest V released first and curled over the stillunreleased lines. Figure 5 (a) shows the layout for the untangled V, and figure 5(b) is a scanning electron micrograph above this structure after the three narrowest lines have released. 
Structure with carefully controlled release sequence
A three-step sequence for fabricating a multiaxis loop structure is illustrated in figure 6(a) . The layout for this sequence is shown in figure 6(b) , where the expected 100 µm coil radius has been used to design three single-turn loops which will orient themselves along three orthogonal planes when released. The 5 µm wide coil releases first, followed by the 6 and 7 µm coils. Figure 6 (c) shows the resulting structure, with overlaps at the ends of the three loops.
Conclusions
The metal-oxide bimorph release process detailed here can produce highly uniform and predictable structures, as long as there is good control over film stress and thickness, and the effects of the folding sequence are considered during the design phase. Careful control of the folding sequence adds the ability to make sophisticated multi-axis structures from a single photomask. We have reliably used width differences of 1 µm, readily accessible by contact photolithography, to control the release order. This may be considered an upper limit for the linewidth difference needed for reproducible folding order. Higher resolution patterning will enable investigations into the lower limit of this sequential assembly technique.
The randomly released zigzag structures we observed in figure 4 may suggest a path to bistable structures with applications as latching mechanical actuators, since these have found two mirror-image energy-minimizing configurations. In this application, the dimensions and materials must be optimized to avoid permanent deformation in the initial configuration.
Tangled V-structures in figure 5 may find applications as temporary or permanent clips to join micro-or nanostructures together on a substrate. Since these structures have contact pads at each end, they may be thermally actuated to open and close by Joule heating.
The multi-axis coils illustrated in figure 6 have potential applications as isotropic electromagnetic resonators and antenna elements, and will retain their shape even if detached completely from the wafer as separate particles. Such particles, if designed to have a narrow electrical resonance, may function as microtaggants for electromagnetic identification, or polarization-insensitive antenna array elements.
When designing such multi-step folding structures, it becomes clear that several different patterns may lead to a similar final shape; for instance, in figure 6 the narrow 5 µm crossbar could have been placed near the other end of the 6 µm line to produce a horizontal coil. In this case, the optimal twodimensional pattern might be the one that maximizes packing density on the wafer, since neighboring structures must not touch or cross in the original layout. If routing problems become difficult, it is also possible to integrate additional metallization and low-temperature oxide/silicon coating steps before the structures are released. Doing so can enable structures that cross, and structures with different curvature radii on a single wafer, moving beyond the single-photomask process described here.
